A click reaction of aromatic polyimide having azide groups at both chainends (2), which was obtained by an azidation of polyimide having chloromethyl groups (1), was conducted with 1-octyne, leading to the polyimide having n-hexyl groups (3).
Introduction
Aromatic polyimides are widely used in electronic and aerospace fields owing to their excellent thermal, chemical, and mechanical properties. To manipulate characteristic properties of polyimides is important to their applications. In many cases, modification of polyimides was done by using new dianhydrides and/or diamines; however, more general purpose systems to prepare wide varieties of functional polyimides are required.
Another highly reliable approach for modification of polyimides is to synthesize and utilize reactive polyimides. Nagai et al. has developed a polyimide, synthesized from 4,4'-(hexafluoroisopropylidene)diphthalic anhydride, bearing chloromethyl group at both chain-ends which could initiate a polymerization of methyl methacrylate (MMA) through atom-transfer radical polymerization (ATRP), affording poly(MMA)-blockpolyimide-block-poly(MMA) [1, 2] . Takeichi et al. have developed a poly(urethaneimide) which was prepared by a reaction of a soluble polyimide having hydroxyl groups with a terminal isocyanated polyurethane [3, 4] .
In recent years much interest has been devoted to click chemistry, owing to its highly facile, efficient, and selective reactions. A cycloaddition between azides and alkynes using copper (I) as a catalyst is the most effective system in the click chemistry, which proceeds chemoselectively under mild conditions and provides 1,2,3-triazole adducts in a high yield with a negligible amount of by-products [5] [6] [7] . Recently, Gaina et al. has reported a synthesis of polyimides having 1,2,3-triazole units in the main chain via the cycloaddition between monomers [8] . We believe that the click reaction is a powerful tool for the design and construction of novel functional polyimides as well as for carrying out polymerization as aforementioned. Our research strategy is to construct a system for functionalization of the polyimide through the click reaction which offers significant advantage; a wide variety of characteristics of polyimide can be facilely developed. As the first example to show the versatility of our strategy, we tried to synthesize the aromatic polyimide having azide groups at both chain ends, followed by its click reaction with long chain alkyne. The resulting aromatic polyimide having long alkyl chains would be applied to a high-pretilt-angle polyimide [9, 10] and a polyimide alignment film [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] for liquid crystal displays.
Results and discussion

Synthesis of polyimide having chloromethyl groups 1
As a precursor for polyimide having chloromethyl groups 1, polyimide having -OH groups at both chain-ends was synthesized in 83 % yield by a polycondensation of 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA), 4 H NMR spectroscopic analysis reveals that a number-averaged molecular weight (M n ) was calculated to be 5600.
Then, a reaction of polyimide having -OH groups with 4-(chloromethyl)benzoyl chloride gave 1 in 77 % yield. Peaks assignable to methylene protons at polymer chain-ends were observed at 3.11, 4.53, and 4.83 ppm in the 1 H NMR spectrum of 1. This 1 H NMR spectroscopic analysis reveals that M n was calculated to be 7300. Furthermore, FT-IR spectrum of 1 shows absorption bands at 1784 and 1727cm -1 assignable to C=O stretching of the polyimides and absorption bands at 1378 and 723 cm -1 assignable to C-N vibration, respectively ( Fig. 1 (a) ). These results suggest the successful formation of 1.
Synthesis of polyimide having azidemethyl groups 2
Polyimide having azidemethyl groups at the polymer chain-ends 2 was obtained in 69 % yield by a reaction of 1 with sodium azide in dimethyl sulfoxide (DMSO) at 100 °C for 24 h (Scheme 1). Scheme 1. Synthesis of polyimide bearing long alkyl groups at both chain-ends 3.
As shown in Fig. 2 , a peak at 2.54 ppm ascribable to the methylene protons of the azidemethyl groups was clearly observed while the peak at 4.83 ppm ascribable to the methylene protons of the chloromethyl groups was disappeared, indicating that the azidation reaction successfully proceeded to give 2. H NMR spectroscopic analysis allowed us to determine the M n(NMR) of 2, based on the calculation from the integral ratios of the methylene protons in the azidemethyl groups at 2.54 ppm and of the protons in aromatic ring at 7.06-8.25 ppm. The M n(NMR) of 2 was calculated to be 5300. Fig. 1 (b) shows FT-IR spectrum of 2. The spectrum of 2 shows an adsorption band at around 2100 cm -1 assignable to -N 3 , while no adsorption band at around 2100 cm -1 was observed in the spectrum of 1, supporting the successful introduction of azide groups into 1.
Click reaction of 2 with 1-octyne
In order to demonstrate a facile functionalization of the aromatic polyimide through a click reaction, we conducted a reaction of 2 with 1-octyne as the modifier at room temperature using CuBr as a catalyst in N,N-dimethylformamide (DMF) (Scheme 1). As a result, aromatic polyimide having n-hexyl groups 3 was obtained in 66 % yield. 1 H NMR spectrum of 3 shows peaks at 0.79-0.90, 1.15-1.36, and 1.49-1.68 ppm ascribable to n-hexyl groups and a peak at 6.94 ppm ascribable to a methine proton in the 1,2,3-triazole rings, indicating that the click reaction of azide groups in 3 with 1-octyne successfully proceeded (Fig. 3) . Furthermore, no peak at 2.54 ppm assignable to methylene protons of the azidemethyl groups was observed in the 1 H NMR spectrum of 3, suggesting that both chain-ends of 2 was smoothly reacted with 1-octyne. The M n(NMR) value calculated from the integral ratios of the 1 H NMR peaks of methyl protons in the n-hexyl groups at 0.79-0.90 ppm and of protons in aromatic ring at 7.03-8.37 ppm was 6000. As a reference, GPC (gel permeation chromatography) analysis reveals that number-averaged (M n ) and weight-averaged (M w ) molecular weights of 3 were estimated to be 2400 and 7800, respectively.
Thermal properties of 3
The thermal properties of polyimide 3 were evaluated by TG-DTA and DSC. The 1% and 5% weight-loss temperature of 3 were observed at 143 °C and 231 °C, respectively. The maximum decomposition temperature of 3 after which there is negligible weight loss was observed at 474 °C. The DSC analysis for 3 exhibited a glass transition temperature (T g ) at 207 °C as shown in Fig. 4 which is slightly lower than the T g (237 °C) of 1, probably due to a change in thermal vibration of aromatic polyimide chains by introducing long alkyl groups.
Conclusions
Aromatic polyimide having n-hexyl groups at both chain-ends was successfully synthesized through the click reaction of polyimide having azide groups with 1-octyne. The evaluation of the novel polyimide for the possible use in the field of liquid crystal displays will be reported elsewhere. Our synthetic strategy presented in this study would provide wide varieties of functional aromatic polyimides by changing the alkyne substituent. Owing to the facile functionalization of aromatic polyimide through the click reaction, this work substantially extends the scope of strategy for preparing novel functional polyimides for several applications.
Experimental part
Materials 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA, purchased from Sigma Chemical Company, St. Louis, MO), 4,4'-diaminodiphenyl ether (ODA, purchased from Wako Pure Chemical Industries, Japan), p-aminophenethyl alcohol (purchased from Wako Pure Chemical Industries, Japan) were used as received. Dried N-methyl-2-pyrrolidone (NMP) was obtained from Wako Pure Chemical Industries, Japan. Other solvents were obtained from Wako Pure Chemical Industries, Japan and used without further purification.
Measurements
The 1 H-NMR (399.65 MHz) spectrum was recorded on a JEOL AL400 spectrometer in CDCl 3 using tetramethylsilane as an internal standard. Fourier transform infrared (FTIR) spectra of the polymers were recorded by a JASCO FT/IR-4100 spectrometer.
Thermal analyses were performed on a thermogravimetry-differential thermal analysis (TG-DTA 2000S, MAC Science) and differential scanning calorimetry (DSC 3200S, MAC Science) instrument at the heating rate of 10 °C/min. The numberaveraged (M n ) and weight-averaged (M w ) molecular weights were estimated by GPC consisted of a Waters Alliance e2695 GPC system, equipped with 2414 refractive index (RI) detector, and polystyrene gel columns (Shodex Asahipak GF-310 HQ + GF-7M HQ, whose limitations of size exclusion are 4 10 4 and 1 10 7
, respectively) eluted with THF at a flow rate of 0.6 mL/min at 35 °C using a calibration curve based on polystyrene standards.
Synthesis of polyimide having chloromethyl groups 1
Polyimide having chloromethyl groups 1 was synthesized according to the report [1, 2] : 6FDA (1.50 g 3.38 mmol) in 7.0 mL of NMP was added to 9.5 mL of NMP containing ODA (0.565 g, 2.82 mmol) and p-aminophenethyl alcohol (PAA, 0.155 g, 1.13 mmol), and the reaction mixture was stirred under argon gas at room temperature for 24 h. The reaction mixture was refluxed with an addition of m-xylene (3 mL) at 180 °C for 6 h, and poured into excess amount of ethanol to precipitate the polyimide having OH groups at both chain-ends (Yield = 83 % (3.00 g), M n(NMR) = 5600) . Then, pyridine (0.18 g, 10.4 mmol) and 4-(chloromethyl)benzoyl chloride (0.44 g, 2.3 mmol) in tetrahydrofuran (THF) (10 mL) was dropwised into the polyimide having OH groups at both chain-ends (1.0 g, 0.178 mmol) in THF (10 mL). The reaction mixture was heated at 60 °C for 6 h, and poured into an excess amount of ethanol to give the polyimide having chloromethyl groups at the both chain-ends 1 (Yield = 77 % (0.81g), M n(NMR) = 7300). 
Synthesis of polyimide having azidemethyl groups 2
Sodium azide (65.0 mg, 1.00 mmol) was added to 1 (0.500 g, 0.0685 mmol) in 10.0 mL of dimethyl sulfoxide (DMSO). The reaction mixture was refluxed at 100 °C for 24 h and poured into an excess amount of ethanol to give the polyimide having azidemethyl groups at both chain-ends 2 (Yield = 69 % (0.35 g), M n(NMR) = 5300). 
Synthesis of polyimide having n-hexyl groups 3
1-Octyne (165 mg, 1.50 mmol) was added to 2 (0.750 g, 0.142 mmol) in 5.00 mL of N,N-dimethylformamide (DMF). To the solution, copper bromide (21.5 mg, 0.150 mmol) dissolved in 1.25 mL of pyridine was added. The reaction mixture was stirred at room temperature for 24 h, and then the polyimide having n-hexyl groups 3 was obtained by a sequential precipitation (first hexane, then water) (Yield = 66 % (0.52 g), M n(NMR) = 6000). 
